Papillomatous digital dermatitis (PDD) is one of the most prevalent diseases of cattle, adversely affecting the dairy industry by its negative effect on milk production and reproductive performance. Our objective was to use cultureindependent methods to determine the microbial diversity in different strata of PDD lesions of three Holstein dairy cows, analyzing whether major differences exist compared to foot skin of three non-infected cows. Both group-specific 16S rRNA gene PCR-denaturing gradient gel electrophoresis and clone library sequencing of broad-range 16S rRNA gene showed differences between the microbial composition of healthy dairy cows and the different strata of the lesion. The predominant bacterial community in the lesion, regardless of the stratum, consisted of 166 specific phylotypes belonging to seven bacterial phyla. Spirochetes (particularly, treponemes) was the most prominent group detected in PDD deep biopsies and was only found in samples from the lesion. Additionally, one phylotype phylogenetically affiliated with uncultured Euryarchaeota was detected in two strata of the lesion. Sequences from healthy foot skin samples revealed 86 specific phylotypes that were affiliated with Firmicutes and Proteobacteria. Our study corroborates the theory that treponemes are involved in PDD disease etiology and suggests, for the first time, the presence of archaeal members in this particular bovine infection.
Introduction
Papillomatous digital dermatitis (PDD) is a major health problem for the dairy industry (Enting et al., 1997; Losinger, 2006) and causes tremendous economic losses, because infected animals often exhibit decreased milk production (Argaez-Rodriguez et al., 1997; Losinger, 2006) and reproductive performance (Argaez-Rodriguez et al., 1997; Garbarino et al., 2004) . Regardless of the economic issues, this infectious disorder of the bovine claw is an obvious source of suffering and its recent dramatic increase in incidence worldwide (Read & Walker, 1998; Wells et al., 1999; Somers et al., 2003; Holzhauer et al., 2006) has raised important animal welfare concerns.
As perplexing as the impressive geographic spread of PDD in dairy herds in recent years is the fact that the precise cause (or causes) and factors that predispose to its occurrence are still largely unknown. Early studies suggested a bacterial etiology in the pathogenesis of the lesion (Read et al., 1992) , and a variety of bacteria have been isolated from PDD lesions since then (Ohya et al., 1999; Schroeder et al., 2003; Wyss et al., 2005) . Spirochetes, and particularly Treponema spp., are considered to be among the most important causal agents of PDD because they are one of the predominant microorganisms isolated from the lesion and are found in both superficial and internal strata of the epidermis (Read et al., 1992; Klitgaard et al., 2008; Nordhoff et al., 2008; Evans et al., 2009) .
Despite efforts to isolate and characterize potential pathogens to better understand the etiology of PDD, a phylogenetic description of the microbiota present in the lesion is far from complete. The emergence and recognition of PDD as a serious disease problem in herds led us to undertake this study, whose objective was to determine, using a combination of molecular-based approaches targeting 16S rRNA gene fragments, the bacterial and archaeal diversity in PDD lesions from Holstein dairy cows housed in a commercial dairy farm in upstate New York.
Materials and methods

Animals and PDD sampling
Samples were collected from Holstein dairy cows housed in a commercial dairy farm near Ithaca, NY. Diagnosis of PDD lesions was based on the presence of active, classical ulcerative lesions clinically characterized by a red, granular, strawberry-like surface in the region adjacent to the bulbs of the heel and the interdigital space, according to Read et al. (1992) . Both healthy foot skin and PDD lesions were initially washed with sterile saline solution to remove soil and other particles. Healthy foot skin samples (H) were scraped with sterile surgical blades and swabbed with sterile gauze. The H samples were collected from the same location, the interdigital space, where digital dermatitis lesions are commonly diagnosed. PDD lesions samples were classified into three strata: superficial (S), intermediate (I) , and deep biopsy (DB). Superficial PDD lesions were defined as the microbial biofilm covering the lesions of an infected foot, and intermediate lesion samples were defined as those from the most superficial stratum of the infected epidermis; both superficial and intermediate PDD samples were collected using sterile gauze. The DB samples were harvested using a 0.5 cm diameter punch biopsy instrument (Dermapunch, Menomonee Falls, WI) after collecting the intermediate samples. The punch biopsy was performed in the center of the digital dermatitis lesion, the sample included the epidermis, dermis, and part of the hypodermis and in the laboratory, and under sterile conditions the biopsy sample was trimmed using a surgical scalpel blade to remove the epidermis and hypodermic tissue. Therefore, only the dermis portion of the skin was used for DNA extraction. Sample from three cows from each group was collected and individually stored in sterile tubes at 4°C during transportation until processing.
Microbial DNA extraction
Healthy foot skin, superficial, and intermediate PDD lesion samples were individually soaked in 30 mL of 0.1 M sodium phosphate buffer, pH 7.0, and incubated on ice for 1 h with occasional vigorous agitation to disperse the material. Subsequently, the samples were centrifuged for 30 min at 15 000 g at 4°C, the supernatants were discarded, and the pellets were suspended in 2 mL of 19 PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.76 mM KH 2 PO 4 ) (pH 7.4). DB samples were ground in liquid nitrogen, and the resultant powder was suspended in 2 mL of 19 PBS buffer. Isolation of microbial genomic DNA was performed in triplicate for each sample from 400 lL of the suspension using a QIAamp DNA minikit (Qiagen, Santa Clarita, CA) according to the manufacturer's instructions. Total DNA was eluted in 50 lL of sterile DNase/RNase-free water (Promega, Madison, WI) . DNA concentration and purity were evaluated by optical density using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Rockland, DE) at wavelengths of 230, 260, and 280 nm. Additionally, integrity of the DNA was assessed by electrophoresis through a 0.8% (w/v) agarose gel, staining with 0.5 lg mL À1 ethidium bromide, and visualization with a MiniBIS Pro (DNR Bio-Imaging System Ltd, Jerusalem, Israel).
16S rRNA gene fragments amplification and denaturing gradient gel electrophoresis (DGGE) analysis
To examine the diversity of the natural microbial community in PDD infections, DGGE was used. Two primers sets (27F/1522R or 21F/958R), each targeting the 16S rRNA gene, were used in a first round of PCR, which provided bacterial-and archaeal-specific fragments that were used as templates separately for a second PCR (nested PCR) primed by conserved group-specific DGGEprimers (F984GC/R1378 or 519f/915rGC) containing 40-bp GC-clamp incorporated into the forward or reverse primer ( (Table 1) , 2.5 U LongAmp Taq DNA Polymerase (New England Biolabs), and approximately 50 ng of template DNA. Thermal cycling conditions for the bacterial PCR were the following: initial denaturation for 2 min at 94°C, followed by 34 cycles of denaturation (94°C for 30 s), annealing (58°C for 50 s), extension (72°C for 1 min), and a final extension at 72°C for 7 min. Thermal cycling conditions for the archaeal PCR were as follows: initial denaturation for 5 min at 95°C, followed by 30 cycles of denaturation (95°C for 1 min), annealing (55°C for 1 min), extension (72°C for 1 min), and a final extension at 72°C for 7 min.
The cycle protocol for the nested PCR was as follows: initial denaturation for 5 min at 94°C, followed by 20 cycles of denaturation (94°C for 1 min), annealing (57°C for 1 min), extension (72°C for 2 min), and a final extension at 72°C for 10 min. All reactions were prepared in triplicate and run on a GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA). Amplicons were purified using QIAquick PCR Purification kit (Qiagen), quantified using a NanoDrop ND-1000 spectrophotometer, and combined, based on the strata, in equimolar ratios into a single tube. Appropriate PCR controls and blank were included, and products were analyzed by electrophoresis in a 1.2% (w/v) agarose gel stained with 0.5 lg mL À1 ethidium bromide before DGGE analysis. Profiling of the amplified 16S rRNA gene sequences produced by DGGE was conducted as described by Muyzer et al. (1993) using the DCode Universal Mutation Detection System apparatus (Bio-Rad, Hercules, CA). The PCR products (~5 lg) were loaded onto a 6% polyacrylamide (37.5 : 1 acrylamide: N,N′-methylenebisacrylamide) (Sigma-Aldrich, St. Louis, MO) parallel denaturing gradient gel in 19 TAE buffer [40 mM Tris (pH 8.0), 20 mM acetic acid, 1 mM EDTA (pH 8.0)] composed of 0.09% (v/v) TEMED (N,N,N′,N′-tetramethylenediamine), and 0.07% (w/v) ammonium persulfate. The denaturing gradient was optimized empirically to 40-58% and 35-60% urea/formamide [100% denaturant contained 7 M urea and 40% (v/v) deionized formamide], for bacterial and archaeal analysis, respectively. The electrophoresis was carried out in 19 TAE buffer at 50 V for 16 h at a constant temperature of 50°C. The DNA fragments were stained for 20 min in 19 TAE buffer with 19 SYBR Gold (Invitrogen, Carlsbad, CA). Images of the gels were obtained under UV light using an EC3 Imager imaging system (UVP, Upland, CA). Sample lanes were analyzed using the BioNumerics version 6.0 (Applied Maths, Inc., Austin, TX).
Cloning and sequencing
Amplification of bacterial and archaeal 16S rRNA gene fragments from DNA extracted from PDD infection samples from Holstein dairy cows was performed using the primer pairs 27F/1522R and 21F/958R (Table 1) , respectively, as described earlier. Both PCRs were performed in triplicate, and each group was pooled before cloning.
Appropriate controls and a blank were included. Amplification products were electrophoresed through a 1.2% (w/v) agarose gel, stained with 0.5 lg mL À1 ethidium bromide, and visualized under UV light. Positive results were considered to be a pool of amplicons that had the expected molecular size (~1.5-and 0.9-kb for bacterial and archaeal amplicons, respectively). Additionally, amplicon concentration and purity were evaluated by optical density using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies) at wavelengths of 230, 260, and 280 nm. PCR products were purified from the agarose gel prior to cloning using a PrepEase Gel Extraction kit (USB, Cleveland, OH) and cloned into a TA plasmid vector using a TOPO TA cloning kit (Invitrogen). For cloning, One Shot Chemically Competent Escherichia coli (Invitrogen) cells were transformed according to the manufacturer's instructions and grown aerobically overnight on solid Luria-Bertani (LB) medium containing kanamycin (50 lg mL
À1
) and X-gal (5-bromo-4-cloro-3-indolyl-b-D-galactopyranoside, 50 lg mL À1 ) (SigmaAldrich) at 37°C. After overnight incubation, individual white colonies were randomly picked from the plates, placed into 5 mL of liquid LB containing kanamycin (50 lg mL À1 ), and grown aerobically for 16-18 h at 37°C . Plasmids were extracted using a QIAprep Spin Miniprep kit (Qiagen), and the cloned 16S rRNA gene fragments were sequenced using M13 vector primer. All clones containing inserts of the correct size were stored in LB medium containing 20% (v/v) glycerol at À80°C.
In most cases, only one strand of the DNA fragments was sequenced. This criterion proved to be sufficient for the taxonomic identification of the cloned 16S rRNA gene fragments obtained using BLAST search function (Altschul et al., 1990) . Both DNA strands were sequenced in those cases in which the sequence could not be easily assigned to a particular taxonomic group or the nucleotide sequence could not be clearly determined. The resulting electropherograms and sequences were analyzed using GENEIOUS software version 5.0 (Biomatters, Auckland, New Zealand). Chimera formations were identified using Mallard (http://www.bioinformatics-toolkit.org) (Ashelford et al., 2006) . Both chimeric sequences and sequences yielding weak signals were excluded from further analysis.
Estimation of the size of the clone libraries
For statistical analysis, sequences sharing more than 97% sequence identity were considered as a single phylotype (Vandamme et al., 1996) . The clone coverage was calculated according with the following equation: C = 1 À (n/N), where n is the number of singleton phylotypes, and N is the total number of clones screened in the clone library (Good, 1953) . Rarefaction curves (Colwell & Coddington, 1994) , Shannon diversity indexes (Gotelli, 2002) , and Chao1 richness estimations (Chao & Bunge, 2002) were calculated using ESTIMATES version 7.5 (http:// viceroy.eeb.uconn.edu/EstimateS) software.
Phylogenetic analysis
To study the evolutionary relationships among microorganisms in different strata of PDD infection using the 16S rRNA gene clone libraries, sequences obtained were compared to sequences stored in GenBank using the BLAST algorithm (Altschul et al., 1990) , for bacterial sequences, or the Ribosomal Database Project (RDP) (Cole et al., 2003) , for archaeal sequences. All sequences with high identity, as identified by the search, were imported into the GENEIOUS software and aligned to other 16S rRNA gene sequence fragments using CLUSTALW (Larkin et al., 2007) . The alignments were manually trimmed, and calculation of the phylogenetic trees was based on these sequence alignments using the Neighbor-Joining algorithm (Saitou & Nei, 1987) . Evolutionary distances were computed using the Jukes-Cantor method (Jukes & Cantor, 1969) . To check the robustness of the resulting tree and statistical significance levels of interior nodes, bootstrap analysis with 1000 replicates was carried out and values above 50% were reported.
Nucleotide sequence accession numbers
The sequences reported in this study have been submitted to GenBank under the accession numbers HQ917154-HQ917473, and JF501709.
Results
Microbial diversity in healthy foot skin and in PDD infection by PCR-DGGE
Evaluation of the microbial diversity profile in healthy foot skin and in different strata of PDD infection of dairy cows using two-step nested PCR-DGGE revealed clear visual differences in the bacterial communities from the different samples (Fig. 1a) . The number of bands (i.e., phylotypes or Operational Taxonomic Units, OTUs) on the DGGE gel revealed a complex profile. The nested PCR approach provided a high-resolution preview of the complexity of the extant microbial communities and, in addition, allowed analysis of minority populations. Visu- . DGGE gel image and clustering analysis of band profiles of the amplified bacterial (a) and archaeal (b) 16S rRNA gene fragments from total genomic DNA extracted from healthy foot skin and from PDD samples from Holstein dairy cows. The dendrograms illustrating the similarities among bacterial and archaeal profiles in healthy skin and in different strata of the infection were calculated based on the position and intensity of each DGGE band. The resulting patterns were compared to one another using the Dice similarity coefficient, and the matrix was clustered by the UPGMA method. Cophenetic correlation coefficients are indicated at the branch points of the dendrogram. The denaturant gradients used are indicated below each gel. H, healthy foot skin; S, superficial infection; I, intermediate infection.
ally, the bacterial profiles of samples from superficial and intermediate PDD were very similar in terms of band positions showing only subtle differences in intensity. This observation was corroborated by the cluster analysis, which showed the samples from superficial and intermediate PDD to be clustered together, with a similarity of~70% between samples. The pool of samples from healthy foot skin presented a similarly complex profile, with obvious differences in the banding pattern, compared to those of superficial and intermediate PDD. The profile of healthy foot skin branched externally to the cluster containing superficial and intermediate PDD, showing~37% similarity. Finally, the pattern observed for the DB sample branched with 30% similarity to the other profiles. Although the DB samples presented less similarity according to the cluster analysis, this could be because of the absence of some OTUs rather than because of the presence of different ones, as observed for the pattern from healthy foot skin. All clustering was supported by high cophenetic correlation coefficients.
In contrast, the profile for the archaeal communities was dramatically less diverse (Fig. 1b) (Table 2 ). For the healthy foot skin and DB libraries, the values were 26.4% and 81.6%, respectively. The rarefaction curves for all bacterial libraries indicated that the number of clones screened was insufficient to reveal the total number of sequence types within these libraries (Fig. 2) . All the curves showed that a greater number of clones would be necessary to capture all of the sequence types within these libraries to reflect the complete diversity. The library from healthy foot skin produced the steepest rarefaction curve, indicating that this library is more diverse. In contrast to the diversity found in bacterial libraries, only one type of sequence was found in both of the archaeal libraries, so for this reason the coverage values were 100%.
A total of approximately 109, 327, and 418 OTUs were predicted by the Chao1 non-parametric estimator for the DB, intermediate, and superficial PDD bacterial libraries, respectively (Table 2) . For the clone library of the healthy foot skin, the estimator calculated 427 OTUs. However, because the current sequencing effort was not sufficient to reach a plateau, these numbers are likely to be a minimal estimate. The highest value for the measure of diversity (Shannon index) was observed in the library from healthy foot skin, followed by the intermediate and superficial infection libraries ( Table 2 ). The library from the DB presented the lowest diversity index, and this result, combined with the Chao1 estimator, may suggest that the infected tissue is colonized by a specialized and, therefore, less diverse microbiota. For the archaeal libraries, Chao1 estimators of total species richness could not be calculated because no singletons and doubletons existed in either library. Distribution and phylogenetic composition of the microbial communities in healthy foot skin and in PDD infections
Partial sequences of bacterial 16S rRNA genes were obtained for a total of 700 clones to identify the predominant species present in healthy foot skin and in PDD infection of Holstein dairy cows. According to BLAST searches and phylogenetic analysis, 320 phylotypes were identified among the 700 clones in the combined data set. The foot skin (healthy foot skin and PDD) community was dominated by seven major phyla: Firmicutes, Proteobacteria, Spirochetes, Bacteroidetes, Tenericutes, Synergistetes, and Actinobacteria, for both cultured and uncultured members ( Fig. 3a-d) .
The healthy foot skin samples contained diverse phylotypes affiliated with Firmicutes or Proteobacteria (Fig. 3a) . A higher percentage of clones (66%) and greater diversity were found in the Proteobacteria (Fig. 3a and e) . The most frequently occurring sequences (five clones for each) were phylogenetically associated with uncultured Moraxella and uncultured clones within the phyla Proteobacteria and Firmicutes, respectively (Table 3) .
Firmicutes dominated the PDD community in superficial lesions, encompassing almost 82% of the clones, followed by Bacteroidetes (7.7%) and Proteobacteria (6.6%) ( Fig. 3b and e) . Most clones were phylogenetically related to Bacillus spp., Peptostreptococus spp., and uncultured Firmicutes. A few clones were related to Spirochetes (3.1%) and only one sequence was phylogenetically related to Tenericutes and to uncultured Synergistetes (Table 3 and Supporting Information, Table S1 ). Likewise, Firmicutes were the dominant group in the intermediate PDD lesion, comprising about 87% of the clones ( Fig. 3c and e) . Almost 11% of these clones presented high identity (~98%) with Peptostreptococus sp. (Table 3 ). The remaining bacterial diversity was divided among Proteobacteria (6.1%), Bacteroidetes (3.6%), Tenericutes (3.6%), and Actinobacteria (0.5%). Although clones affiliated with Spirochetes had been found in the superficial stratum of the lesion, no 16S rRNA gene fragments obtained from the intermediate lesion library showed similarities with this phylum.
The bacterial diversity in the PDD DB library was higher within the phylum Firmicutes, which encompassed 35% of the clones, but higher relative frequency was observed for clones presenting similarities with members of the phylum Spirochetes (~46% of the clones) ( Fig. 3d and e). Of this 46%, more than 32% presented high identity ( ! 91%) with uncultured Treponema. Additionally, other members were phylogenetically related to Treponema phagedenis and Treponema refringens (Table 3 and  Table S1 ). Besides Spirochetes and Firmicutes, the diversity is represented by Bacteroidetes (7%), Tenericutes (6%), and Proteobacteria (5.5%). Apparently, the relative abundance of Firmicutes (SSU) rDNA increased according to both the presence or absence of infection and the severity of infection in the different strata of the lesion. Interestingly, Firmicutes were replaced or outnumbered by Spirochetes in the innermost stratum of the lesion that was reached by DB samples.
To analyze in more detail the affiliations and frequencies of the clone sequences detected within the phylum Spirochetes, which constitute predominant population in the PDD lesions, we conducted further phylogenetic analyses based on the 16S rRNA gene sequences that grouped within this phylum, according to the analysis shown in the Fig. 3d . All the Spirochetes clones in the phylogenetic tree were assigned to six major arbitrary clusters, and their respective frequencies were calculated (Fig. 4) . Of the 15 OTUs showing high identity with members of the phylum Spirochetes, seven (encompassing 18.3% of the clones) clustered in Cluster 1, which included Treponema genomosp. and Treponema medium subsp. bovis. Cluster 2, which included Treponema phagedenis subsp. vaccae, Treponema pallidum, Treponema pedis, Treponema putidum, and Treponema denticola, was the most prevalent, with 74.2% of the clones. This cluster also presented the most prevalent treponemal OTUs detected in the PDD biopsy library (clone B32) (Table 3) , which grouped with another clone (B45) in the same conspicuous branch of the tree where T. phagedenis subsp. vaccae is positioned. A clone presenting the same sequence as clone B32 was found in the library generated from superficial lesions. In addition, clone B54 grouped with T. pallidum in a different branch within Cluster 2. All the other clusters presented one or two OTUs and represented no more than 2.2% of the number of treponemal clones in the DB library. In cluster 3, clone B59, which showed high identity (~94%) with T. refringens according to the BLAST search (Table 3 and  Table S1 ), grouped with this Treponema in a branch supported by a high bootstrap value. All members of the genus Spirocheta clustered in Cluster 4 where the clones B55 and B11 were positioned. Clones B22 and B31 were positioned in Clusters 5 and 6, respectively. Both clones showed low levels of identity to sequences belonging to uncultured bacteria, according to the BLAST search (Table 3 and Table S1 ), and are probably distantly related to them or belong to a new group uncultured thus far, which could also explain the fact that they branched deeply in the tree.
Partial sequences of archaeal 16S rRNA genes were obtained for a total of 25 clones from both superficial and intermediate PDD lesion libraries and the alignment of the 50 sequences showed that they were a single phylo-type. According to RDP searches and phylogenetic analysis, this phylotype was phylogenetically affiliated with uncultured members of the family Methanosarcinaceae (phylum Euryarchaeota) (Fig. 5 ).
Discussion
Although it is known that claw disease is currently the third most costly bovine disorder, following mastitis and Proteobacteria Uncultured Moraxella sp. clone N-01 (GQ424177) 4.7 *Includes only OTUs with a frequency < 2 from each library. Sequences sharing more than 97% sequence identity were considered as a single phylotype (Vandamme et al., 1996) . Details of all OTUs found in each clone library are given in Table S1 . † Phylogenetic affiliations of uncultured bacteria were determined according to their position in the phylogenetic tree ( Fig. 2a-d) . Microbial diversity in bovine digital dermatitis reproductive disorders (Enting et al., 1997; Holzhauer et al., 2006) , the precise etiology of PDD is not completely understood. There is evidence of a bacterial role in the pathogenesis of the lesion (Read et al., 1992; Schroeder et al., 2003; Wyss et al., 2005) ; however, data on the complexity of this biota are scarce. Neglect of this importance of this infection not only increases economic losses, but also raises important animal welfare concerns. Prompt and efficient treatment, which minimizes losses, improves outcome, and reduces animal suffering, can only be achieved when all risk factors associated with the infection are clearly defined. This study used sensitive molecular methods to reveal previously uncharacterized features of the microbiota in healthy foot skin and in PDD lesions from Holstein dairy cows, to better understanding the etiology of PDD. Most clones in the DB library belonged to the phylum Spirochetes, and especially to the genus Treponema. This finding adds further support to the theory that Spirochetes are actively involved in PDD infection (Klitgaard et al., 2008; Nordhoff et al., 2008; Evans et al., 2009) and, particularly, emphasizes the role of treponemes in this context. Recently, a quantitative 16S rRNA clonal analysis showed the presence of a variety of sequences phylogenetically close to treponemes and Bacteroidetes in PDD biopsy samples from Holstein dairy cows in Japan (Yano et al., 2010) . In this study, Bacteroidetes were present in the libraries from all the three strata of the PDD lesions studied, but they did not represent more than 8% of the clones in any library. The most abundant group in our PDD samples overall was Firmicutes. This diverse group of Gram-positive bacteria is often the cause of diseases in animals and has been previously described as one of the predominant ones occurring in PDD lesions (Yano et al., 2010) . Interestingly, we found that the relative abundance of Firmicutes SSU rDNA increased in relationship to the severity of the infection and it was replaced or outnumbered by Spirochetes SSU rDNA in the innermost stratum of the lesion (i.e., in DB material).
A recent study used a PCR-based approach targeting 16S rRNA gene fragments to determine the occurrence of three treponeme phylogroups within PDD lesions of cattle in the United Kingdom (Evans et al., 2009) . Examination of the lesions (n = 51) revealed the presence of treponemes, from at least one of the three different phylogroups, in 100% of the samples, with T. phagedenis- like being the phylogroup detected in 98% of the samples. In addition, the study showed that the three phylogroups were present together in 74.5% of the lesions analyzed. Our phylogenetic analyses of the sequences affiliated with Spirochetes in PDD lesions showed that the most prevalent OTU grouped with T. phagedenis subsp. vaccae indicated as a key agent in the pathogenesis of PDD (Klitgaard et al., 2008; Nordhoff et al., 2008) . Apparently, none of the treponemal OTUs found in our study share close phylogenetic relationships with the human oral treponemes T. denticola, and Treponema vincentii, which are suspected to be involved in periodontitis (Choi et al., 1997) . Some affiliations in our analysis remain unclear, but we suggest that some of them possibly represent new groups uncultured thus far.
In contrast to the results observed for the lesion, the majority of OTUs in healthy foot skin library showed high identity with Proteobacteria. This observation is in accordance with that of a recently published similar study conducted in Japan, in which Moraxella phenylpyruvica was the most prevalent clone in four samples of healthy foot skin analyzed (Yano et al., 2010) . In our study, although the number of clones screened was not enough to draw a definitive biological conclusion, we clearly observed a profound difference between the bacterial composition present in the healthy foot skin and those in the different strata of PDD lesions, both in terms of absolute and relative abundances. It is likely that the phylogenetic composition of the bacterial communities in PDD reflects pathogenesis.
The presence of common bands in the pool of samples from healthy foot skin and samples from superficial and intermediate PDD observed in the DGGE may reflect the presence of opportunistic pathogens in the healthy niche that eventually circumvent the normal protective barriers of the host and invade the outer layers of the host's epidermis. The apparent small diversity in the pool of samples from the DB might suggest that only some phylotypes are able to adapt within this specific niche.
Although Archaea have been identified or isolated among members of the human microbiota (Miller & Wolin, 1982; Belay et al., 1990; Kulik et al., 2001) , it remains unclear if they actively cause any human or animal disease. A more recent study demonstrated an association between severity of human periodontal disease and the relative abundance of methanogenic Archaea (Lepp et al., 2004) . However, specific details regarding their survival in such hosts, including immune system evasion and competition with normal human microbiota, are largely unavailable. In principle, their ubiquitous distribution in nature and relatively recently revealed occurrence in nonextreme environments might allow us to suggest archaeal prevalence in the animal 'environment' and even the possibility of them having an active role in some infections. The finding that archaeal SSU rDNA was detected in two libraries from PDD infections is not sufficient to indicate their role as pathogens in this particular syndrome, but it certainly expands our perspectives toward considering members of this domain as potential human and animal Microbial diversity in bovine digital dermatitis agents of disease. In fact, Archaea share some characteristics with known pathogens, which might suggest their potential to cause disease (Eckburg et al., 2003) . The apparent limited diversity exhibited by Archaea in both superficial and intermediate PDD lesion libraries might reflect adaptation of a minority of microorganisms within this domain to this particular niche. The etiology of PDD is likely to be more complex than is suggested by the traditional model of disease involving a single virulent microorganism. Most of the knowledge on PDD infection has been generated via cultivation or it has exclusively focused on treponemes. Biopsies from PDD infections are known to contain bacteria from a variety of genera, including important human pathogens. As mentioned earlier, some recent culture-independent studies surveyed the bacterial diversity in PDD biopsies, although few (Klitgaard et al., 2008) compared the microbiota in different strata of the lesion to observe whether there is stratification of the microbial assemblage along the lesion. Our data can provide opportunities to better understand the disease and to find entry points for therapeutic intervention.
Conclusions
This study showed that the complexity of the microbial composition in PDD infections from dairy cows differed between samples from healthy foot skin and samples from different strata of the infected foot. Firmicutes and Proteobacteria were the only groups detected in healthy foot skin, with the latter being the most frequent and diverse. In contrast, Firmicutes was the most recurrent and diverse group in the superficial and intermediate strata of the infection, whereas Spirochetes was the main group occurring in the DB material. Additionally, our study corroborated the theory that treponemes are involved in PDD disease etiology and, particularly, emphasizes the role of T. phagedenis subsp. vaccae in this context. Finally, it suggests, for the first time, the presence of archaeal members in this particular infection.
